Modifying the surface energetics, particularly the work function, of advanced materials is of critical importance for a wide range of surface-and interface-based devices. In this work, using in situ photoelectron spectroscopy, we investigated the evolution of electronic structure at the SrTiO 3 surface during the growth of ultrathin MoO 3 layers. Thanks to the large work function difference between SrTiO 3 and MoO 3 , the energy band alignment on the SrTiO 3 surface is significantly modified. The charge transfer and dipole formation at the SrTiO 3 /MoO 3 interface leads to a large modulation of work function and an apparent doping in SrTiO 3 . The measured evolution of electronic structure and upward band bending suggest that the growth of ultrathin MoO 3 layers is a powerful tool to modulate the surface energetics of SrTiO 3 , and this surface-engineering approach could be generalized to other functional oxides.
INTRODUCTION
Being a prototypical perovskite-structured transition-metal oxide, SrTiO 3 (STO) has attracted a great deal of interest in the field of oxide electronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Although stoichiometric STO is an excellent band insulator with a wide band gap of 3.2-3.3 eV, 12 metallic conduction can be readily achieved by cation substitution or oxygen reduction (e.g. thermally or electrically). 13, 14 Thanks to the highly tunable transport property of STO interface as a result of interfacial charge transfer. 8 Furthermore, such interface-modulated resistive switching has been extensively reported for other transition-metal oxides. [15] [16] [17] [18] [19] [20] [21] [22] In these breakthroughs, electronic structures and physical properties of STO-based interfaces are important in the functionalization of oxide electronics. Hence, a deep understanding of charge transfer and interfacial band alignment is the key to further improve the performance of functional devices based on STO and other oxides. There are generally evolutions of interfacial electronic structures, particularly charge transfer and dipole formation, when two conducting or semiconducting materials with different work functions get in touch. 23 Such a surface-charge-transfer doping strategy was recently applied to compound semiconductors with a focus on organic optoelectronic devices, 24 but it has not been explored for the prototypical oxide STO.
Among various metal oxides, molybdenum trioxide (MoO 3 ) is an environmentally friendly material which has been extensively studied in the fields such as electrochromism, batteries, 4 gas sensors, switching memories and organic optoelectronics. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] As a wide band gap material, the band gap of MoO 3 has been reported to be 2.9-3.0 eV. 25, 39 Oxygen deficiency in stoichiometric MoO 3 leads to occupied defect states close to the conduction band minimum, making it an n-type semiconductor. With the Fermi level lies close to the conduction band minimum, a strong n-type semiconductor property has also been reported for MoO 3 . 39 Thanks to its very high work function (6.8 eV), MoO 3 was widely used to modify the metal/organic interfaces, and a mechanism of hole injection via electron extraction has been proposed. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Furthermore, in contrast to some chemically active metals, MoO 3 is not expected to react with oxide semiconductors, thus it is an ideal choice for investigating interfacial electronic structures.
In this report, we demonstrate effective charge transfer at the STO/MoO 3 interface as a result of the large work function difference between STO and MoO 3 , and the interfacial band alignment was probed using in situ ultraviolet photoelectron spectroscopy (UPS) and x-ray photoelectron spectroscopy (XPS). To the best of our knowledge, in situ photoelectron spectroscopy techniques have not been applied to the STO/MoO 3 interface although both materials are among the most intensively pursued oxide semiconductors. The observed evolution of charge transfer and dipole formation provides valuable insights on the properties of the STO/MoO 3 interface as a "model" system, which will facilitate the applications of STO and other oxides in advanced electronic devices. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5 The preparation of the samples and photoelectron spectroscopy (PES) measurements were carried out in situ in a multi-chamber ultrahigh vacuum (UHV) system. 40 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 al. 46 showed that metallic states can be achieved by introduction of oxygen vacancies. Using Ar + ions irradiation, Sánchez-Santolino et al. also reported metallic states in STO. 47 The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 increasing MoO 3 thickness, the VB edge moves closer to the Fermi level. From the VB edge of MoO 3 at 2.7 eV, an ionization energy of 9.5 eV can be derived, consistent with previous reports. 52 A close-up view of the region near the Fermi level of the VB spectra (0.2 nm to 1.5 nm) is shown in Figure 3(c) . With the MoO 3 deposition, broad gap states can be clearly observed in the band gap, located between the VB edge and the Fermi level. These gap states could come from surface oxidation, consistent with the previous reports. [53] [54] [55] In Figure 3 growth, the increase of the work function is substantially larger than the VB bending,
EXPERIMENTAL SECTION
indicating that the work function shift mainly comes from the interface dipoles. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   13 Concurrently, the electron transfer and doping in the MoO 3 side leads to a downward band bending.
We should note that the upward band bending at the STO/MoO 3 interface observed in this work is opposite to the downward band bending extensively reported for two-dimensional electron gas formed at the STO surfaces/interfaces. 3-5 Electron-donating oxygen vacancies are extensively reported to abundantly exist in STO-related systems. On the other hand, in our experiments, the evolution of the O 1s peaks as a function of increasing MoO 3 thickness, as shown in Figure 1 , indicates the occurrence of substantial oxidation and hole doping.
Similar charge transfer and band bending effect could also be induced by an electric field.
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Thus, our report is complementary to these reports in literature, and this surface transfer doping strategy clearly warrants further investigations.
As shown in Figure 4 , with increasing MoO 3 thickness, large interface dipoles emerge.
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